The mevalonate pathway accounts for conversion of acetyl-CoA to isopentenyl 5-diphosphate, the versatile precursor of polyisoprenoid metabolites and natural products. The pathway functions in most eukaryotes, archaea, and some eubacteria. Only recently has much of the functional and structural basis for this metabolism been reported. The biosynthetic acetoacetyl-CoA thiolase and HMG-CoA synthase reactions rely on key amino acids that are different but are situated in active sites that are similar throughout the family of initial condensation enzymes. Both bacterial and animal HMG-CoA reductases have been extensively studied and the contrasts between these proteins and their interactions with statin inhibitors defined. The conversion of mevalonic acid to isopentenyl 5-diphosphate involves three ATP-dependent phosphorylation reactions. While bacterial enzymes responsible for these three reactions share a common protein fold, animal enzymes differ in this respect as the recently reported structure of human phosphomevalonate kinase demonstrates. There are significant contrasts between observations on metabolite inhibition of mevalonate phosphorylation in bacteria and animals. The structural basis for these contrasts has also recently been reported. Alternatives to the phosphomevalonate kinase and mevalonate diphosphate decarboxylase reactions may exist in archaea. Thus, new details regarding isopentenyl diphosphate synthesis from acetyl-CoA continue to emerge.
INTRODUCTION
The mevalonate (MVA 1 ) pathway for biosynthesis of isoprenoids from acetate (Scheme 1) represents the initial steps in a series of enzymatic reactions [1] that have, for decades, been established to account for production of polyisoprenoids (e.g. dolichol) and sterols (e.g. lanosterol, ergosterol, cholesterol) in fungi, plant cytoplasm, animals, most other eukaryotes, archaea and some eubacteria.
In recent years, much attention has been generated by the elucidation of an alternate pathway (the deoxyxylulose phosphate, methylerithritol phosphate, or nonmevalonate pathway [2] ) that is operative in many bacteria, plant chloroplasts, and some eukaryotic parasites. This pathway represents an alternative series of reactions for production of isopentenyl diphosphate.
While much progress continues to be made in work on the deoxyxylulose phosphate pathway, there had been relatively modest effort invested in the application of recombinant DNA methodology and structural investigation to the mevalonate pathway enzymes, with the possible exception of HMG-CoA reductase, the target of the family of statin inhibitors of cholesterol biosynthesis. These enzymes had been isolated and classical enzymological and biochemical characterization had been performed prior to the evolution of experimental tools that have expedited the understanding the molecular basis of enzyme function. These enzymes are significant in animals since several have been identified as potentially useful targets for modulation of polyisoprenoid and sterol biosynthesis. Also, defects of some of these enzymes have been implicated in human inherited disease. These include the cytosolic mevalonate kinase as well as mitochondrial isoforms of biosynthetic acetoacetyl-CoA thiolase and HMG-CoA synthase. The enzymes occur in several gram-positive bacteria, including some that are pathogenic to humans. Genetic work [3] has demonstrated that disruption of genes encoding various enzymes in the mevalonate pathway blocks proliferation of these pathogens. These observations suggest the merit of working toward a more detailed understanding of the mevalonate pathway enzymes.
Much of the work on identification and functional assignments of catalytically important active site residues, high resolution structure determinations, as well as the investigation of the basis for the inhibition or regulation of some of these enzymes has only appeared in recent years. This review will primarily focus on some of these more recent developments. While the characterization of several enzymes is still in progress, the contributions of these recent studies in addressing the molecular basis for isoprenoid biosynthesis by these enzymes are interpreted in the context of the earlier reports to provide an updated understanding of the mevalonate pathway. Reviews of selected enzymes and reactions in this pathway have also appeared [4, 5, 6] .
ACETOACETYL-CoA THIOLASE
The thiolase catalyzed Claisen condensation and cleavage reactions [7, 8] , whereby an acylCoA molecule is extended or shortened (respectively) by a two carbon acetyl module are widely observed in metabolism with the enzyme being found in a wide variety of prokaryotes and eukaryotes. Thiolytic cleavage, catalyzed by 3-ketoacyl-CoA thiolases (EC 2.3.1.16) is perhaps most familiar as a key step in Knoop's pathway of beta oxidation of fatty acids. In the context of the mevalonate pathway, the biosynthetic (condensation) reaction to form acetoacetyl-CoA from two acetyl-CoA molecules will be emphasized. This biosynthetic reaction is catalyzed by acetoacetyl-CoA thiolase (or acetyl-CoA acetyl transferase), classified by the International Union of Biochemistry in the EC 2.3.1.9 category:
The chemistry of this reaction, depicted in the following scheme (Scheme 2), involves a tranferase step, i.e. formation from substrate acetyl-CoA of a covalent acetyl-S-enzyme and release of CoASH. The subsequent condensation step involves deprotonation of C2 of the second acetyl-CoA substrate and attack of the resulting carbanion on C1 of the acetyl-Senzyme reaction intermediate to produce the product acetoacetyl-CoA and release free enzyme.
An interesting homologous reaction has been recently reported [9] to involve condensation of acetyl-CoA with malonyl-CoA to form acetoacetyl-CoA, catalyzed by the NphT7 protein from Streptomyces. Such a reaction appears chemically similar to the formation of acetoacetyl-acyl carrier protein in the initial condensation step of bacterial fatty acid biosynthesis. The NphT7 protein is encoded by an open reading frame mapping within a gene cluster proposed to account for other mevalonate pathway enzymes. It will be interesting to learn whether other examples of this variation in more typical acetoacetyl-CoA biosynthesis exist.
Functional observations
Identification of the specific cysteine involved in acetyl-S-enzyme intermediate formation was accomplished for a degradative ketoacyl-CoA thiolase [10] . Soon afterwards, a cytosolic liver acetoacetyl-CoA thiolase was highly purified and characterized [11] . Much of the more recent mechanistic and mutagenesis work on biosynthetic thiolase, reported by the Walsh, Sinskey, and Masamune labs, has employed a recombinant form of the Zoogloea ramigera protein, which supports bacterial polyhydroxybutyrate production. For this protein, Cys-89 is involved in formation of the acetyl-S-enzyme reaction intermediate [12] . The active site base (B:) that activates the second acetyl-CoA substrate molecule for condensation with the reaction intermediate has been identified as Cys-378 [13] .
Structural observations
Several reports of structural work from the Wierenga lab have involved the Z. ramigera protein. In particular, results were obtained using crystals that were flash frozen after soaking with acetyl-CoA to produce a crystal containing the acetylated enzyme reaction intermediate and a bound acetyl-CoA molecule [14] . This approach led to structures that confirmed Cys-89 as the site of reaction intermediate formation and also Cys-378 as the base that deprotonates the second acetyl-CoA substrate prior to condensation (Figure 1 ). Cys-378 is situated within 3.3 Å of C2 of substrate acetyl-CoA, supporting a functional assignment as general base catalyst. The C2 of acetyl-CoA is closely juxtaposted (3.0 Å) to C1 of acetyl-enzyme, as required for an efficient condensation reaction. A positively charged conserved His-348 could interact with the thioester carbonyl of this acetyl-CoA (3.3 Å between His-348 and the C1 carbonyl oxygen) to stabilize the carbanion that is produced after proton abstraction. Such stabilization by a basic amino acid residue of the thioester carbonyl of acyl-CoA metabolites at which negative charge develops during the reaction is a recurring theme in a variety of enzyme catalyzed Claisen condensation/cleavage reactions [15, 16, 17, 18, 19] .
The Cys-His-Cys "triad" of thiolase active site residues evokes similar motifs found in the family of "initial condensation enzymes" and may be compared with the Cys-His-Asn triad described for the initial condensing enzyme of bacterial type two fatty acid biosynthesis [20] . Another variation of such a triad is observed for the enzyme that catalyzes the next mevalonate pathway reaction, HMG-CoA synthase.
HMG-CoA SYNTHASE
The biosynthesis of 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) by condensation of acetyl-CoA with acetoacetyl-CoA was demonstrated using a preparation of yeast protein [21] . HMG-CoA synthase (EC 2.3.3.10; formerly EC 4.1.3.5) catalyzes a reaction that is physiologically irreversible but has recently been demonstrated [18] to also support slow catalysis of the cleavage of HMG-CoA:
Work with yeast enzyme [22] supported formation of a covalent reaction intermediate. The purified avian liver enzyme was used to identify cysteine in formation of acetyl-S-enzyme and enzyme-S-HMG-CoA covalent reaction intermediates [23, 24] , which are depicted in the following scheme (scheme 3) that outlines the chemistry of the reaction:
A mitochondrial isoform [25] supports the ketogenic pathway for acetoacetate biosynthesis while a cytosolic isoform [26] participates in the mevalonate pathway for isoprenoid biosynthesis. Several bacteria utilize the mevalonate pathway and the Enterococcus faecalis mvaS protein catalyzes the HMG-CoA synthase reaction [27] .
Functional observations
The condensation reaction proceeds with inversion of stereochemistry to produce the Sisomer of HMG-CoA [28] . Mechanism based inhibitor labeling [29] and protein sequencing [30] approaches have been used in our lab to identify Cys-129 (cytosolic enzyme numbering) as residue involved in formation of the reaction intermediates. Recombinant forms of the avian, human, and bacterial enzymes have become available [31, 32, 17, 33] . Using these tools, the essential nature of Cys-129 was demonstrated and, in contrast to acetoacetyl-CoA thiolase, replacement with serine did not support measurable reactivity [31] . Inhibition of cytosolic human enzyme by the beta lactone containing natural product, hymeglusin (structure shown below), also involves this active site cysteine in formation of a covalent enzyme-inhibitor adduct [32] . This inhibitor has been demonstrated to be a potent inhibitor of hepatic steroidogenesis [34] . Mutagenesis and mechanistic enzymology approaches were used in our lab to implicate a histidine (His-264) in substrate acetoacetyl-CoA binding [35] as well as a glutamate residue (Glu-95) in general acid/base catalysis [36] . The role of Glu-95 was confirmed as the general base in studies which demonstrated that substitutions of this glutamate by alanine or glutamine impair enolization of the acetyl-CoA analog, acetyldithio-CoA [37] .
Structural observations
The first three dimensional structural data for HMG-CoA synthase were generated using recombinant bacterial (mvaS) enzymes [17] , [18] , [33] . The structure of plant enzyme with bound beta lactone inhibitor has been subsequently reported [38] . Only very recently have structures of animal cytosolic and mitochondrial isoforms been published [39] . There is reasonable agreement between structures of prokaryotic and eukaryotic enzymes in terms of confirmation/assignment of catalytic residues and functional roles.
Structural results [17] on the Staphylococcus aureus protein noncovalent complex with acetoacetyl-CoA indicated a thiolase-like fold and confirmed the close juxtaposition of active site cysteine, histidine, and glutamate residues that, as mentioned above, had previously been identified. Work on the E. faecalis enzyme [33] detected a substrate derived covalent adduct between an acetoacetyl moiety and the active site cysteine; this novel species had never been reported for animal enzyme. In a subsequent paper [40] , the structure of protein containing substitution of glycine for the conserved alanine that precedes the active site cysteine was reported by Stauffacher and colleagues; a structural rationale for the marked increase in catalytic activity documented for this mutant was provided. Collaborative work between the Harrison and Miziorko labs produced unexpected observations when solutions containing product HMG-CoA and S. aureus enzyme were crystallized and structures determined [18] . Structures not only of enzyme-product complex but also of a complex of acetyl-enzyme reaction intermediate with substrate acetoaceyl-CoA were obtained. Solution experiments under crystallization conditions demonstrated that enzyme dependent cleavage of 14 C-HMG-CoA occurs slowly (0.3 per day) and that HMGCoA is activated to form the E-S-HMG-CoA reaction intermediate. This activation proceeds through a tetrahedral carbon. Reversibility of this activation step accounts for incorporation into reisolated HMG-CoA of two 18 O atoms at C5 when the reaction is performed in H 2 O 18 [18] . The structure of the acetyl-S-enzyme complex with acetoacetyl-CoA was particularly noteworthy. These results clearly confirmed (figure 2) not only the important assignment of the active site cysteine but also the function of glutamate, in close proximity (3.0 Å) to C2 of acetyl-S-enzyme, as the general base catalyst. Additionally, close interactions (both 3.1 Å) of the active site histidine with the C1 and C3 oxygens of bound acetoacetyl-CoA were observed. C3 of acetoacetyl-CoA is situated 3.3 Å from C2 of acetyl-enzyme so that, after deprotonation by the general base glutamate, efficient condensation to form enzyme-S-HMG-CoA will occur. Solvent hydrolysis releases product and reforms free enz-SH.
The structural data have been interpreted in the context of a catalytic Cys-His-Glu triad, which contrasts with the triads proposed for thiolase (Cys-His-Cys; [14] ) and other condensing fold enzymes. Comparison of the thiolase triad with the HMG-CoA synthase triad (Figs. 1,2 ) reveals a contrast in positions of the general base residues, in accordance with the different chemical steps in these reactions and the particular roles for the particular residues that support acetyl-CoA deprotonation in thiolase versus acetyl-S-enzyme deprotonation in HMG-CoA synthase.
HMG-CoA REDUCTASE
In elucidation of the pathway that accounts for incorporation of acetate into isoprenoids and sterols, it was important to account for the observation that mevalonic acid is a good isoprenoid/sterol precursor. The investigation [41] of a yeast HMG-CoA reductase accounted for mevalonate production:
The enzyme (EC 1.1.1.34) is found in eukaryotes, archaebacteria, and some eubacteria. The conversion of the thioesterified HMG-CoA carboxyl to an alcohol represents a two step reduction, accounting for the stoichiometry of NADPH in the reaction. The reaction thus proceeds through the successive reduction steps to first produce bound mevaldyl-CoA, collapse of the thiohemiacetal to release CoASH and form mevaldehyde; the second reduction step then forms product mevalonate (Scheme 4):
The eukaryotic proteins (class I HMG-CoA reductases) are associated with the endoplasmic reticulum and interact through membrane spanning helices in the N-terminal domain [42] . It follows, therefore, that the catalytic domain follows this membrane anchoring sequence. These class I enzymes are potently inhibited by the class of statin drugs that effectively modulate sterol synthesis and, as a result, have been heavily investigated. There is no homologous sequence for membrane association at the N-terminus in the bacterial HMGCoA reductases (class II) and a few of these (some in recombinant form) have been isolated as soluble proteins. The Pseudomonas mevalonii enzyme [43] has a degradative function, allowing this microbe to grow on mevalonate as a carbon source. In contrast, the Staphyloccus aureus enzyme [44] has a biosynthetic function and is encoded by a gene within a mevalonate pathway gene cluster.
Functional observations
The soluble P. mevalonii enzyme has been a useful model for mutagenesis and functional investigations; a recombinant soluble hamster catalytic domain has also been employed. These studies in the Rodwell lab aimed at identification of functionally important active site residues [45, 46] and used not only mutagenesis but also employed the reaction intermediate mevaldehyde to study partial reactions catalyzed by wild type and mutant forms of this enzyme. These results implicated active site histidine, aspartate, and glutamate residues prior to the availability of three dimensional structural information.
Structural observations
The structures of various dead-end complexes of P. mevalonii enzyme were elucidated in collaborative work from the Rodwell and Stauffacher labs [47, 48] and an active site lysine was also identified. These results were followed by the Deisenhofer lab's publication of structures of the soluble catalytic domain of the human enzyme, also liganded to substrates or products [49] . Despite the low overall sequence homology (<20%) and overall protein structure architecture between class I and class II enzymes, there is considerable similarity between these enzymes in the positioning of active site residues important to catalytic function. Residues from two different subunits contribute to an active site. The histidine proposed to function in protonation of product Coenzyme A is appropriately positioned for this role. The aspartate implicated by mutagenesis is located within the active site and involved in a hydrogen bond network with the lysine and the glutamate that have been identified by functional studies (figure 3). While both lysine and glutamate are in close proximity to the HMG-CoA thioester carbonyl that is reduced to form mevalonate, there are different proposals [47, 48] concerning their precise roles in substrate carbonyl polarization and/or the proton transfers that accompany substrate reduction by NADPH.
Efficacy of inhibition by various compounds in the family of statin inhibitors is markedly dependent (e.g. nanomolar versus millimolar inhibitor affinity) on whether class I or class II enzyme is used. The inhibitors are characterized by hydroxymethylglutaryl (HMG)-like moieties linked to an extensive hydrophobic scaffold (e.g. a decalin ring in the case of mevastatin and simvastatin). Complexes of human enzyme catalytic domain with a variety of statins have been crystallized and X-ray structures have been published [50] . The structural results indicated binding of the HMG moiety in the active site pocket where the catalytic glutamate and lysine residues are located. In contrast, the NADPH substrate site is not occupied upon inhibitor binding. The structural results indicating that access to the substrate HMG-CoA is blocked by inhibitor binding are in accord with the observation of competitive inhibition with respect to HMG-CoA [51] . A variety of additional polar interactions with the HMG moiety have also been documented. The hydrophobic portion of the inhibitors is bound in a shallow hydrophobic groove of the human protein. A large number of van der Waals contacts between nonpolar amino acids in this groove and the diverse hydrophobic substituents that are a common feature of the various statins are proposed to represent the dominant contribution to high affinity binding. A structure of lovastatin bound to the class II P. mevalonii enzyme has also been reported [52] . As in the case of the class I enzyme, the structure indicates interactions with residues (e.g. lys, glu) identified in catalysis as well other polar residues in this pocket, with some hydrogen bonds mediated by water molecules. The hydrophobic decalin ring component of the inhibitor blocks closure of the C-terminal flap domain of the protein, which includes the histidine residue that has been implicated in catalysis. Thus, inhibitor binding both blocks the active site and makes correct orientation of active site amino acids impossible. A large difference between class I and class II enzyme interactions with the statin inhibitor is suggested to involve a pocket formed, in part, by the alpha helix of the P. mevalonii enzyme that contains a conserved "THNK motif". The structural results [51] could expedite potential design of HMG-CoA reductase inhibitors that can discriminate between Class I and Class II enzymes. Additionally, an approach proposed to increase inhibitor affinity [50] involves derivatization of the parent inhibitory compound to incorporate chemical substituents effective in interaction with the NADPH site.
MEVALONATE KINASE
Mevalonate kinase (MK; MVK; ATP:mevalonate 5-phosphotransferase; EC 2.7.1.36) catalyzes transfer of ATP's γ-phosphoryl to the C5 hydroxyl oxygen of mevalonic acid, resulting in formation of mevalonate 5-phosphate and ADP. The reaction was characterized in yeast [53] ; the protein is found in eukaryotes, archaea, and certain eubacteria. The enzyme was highly purified from porcine liver and was demonstrated to catalyze a sequential reaction with mevalonate substrate binding first and MgADP product released last [54] :
The enzyme is subject to potent feedback inhibition by geranyl diphoshophate and farnesyl diphosphate, downstream intermediates in the polyisoprenoid biosynthetic pathway [55] . High affinity (10 −8 M) feedback inhibition has also been observed using a recombinant human protein and contrasted with lower potency inhibition (10 −5 M) of the Staphylococcus aureus enzyme [56] . Recently, there has also been a report that mevalonate 5-diphosphate is a potent (submicromolar) inhibitor of the Streptococcus pneumoniae enzyme [57] ; this metabolite has not been observed to be effective in inhibition of the Staphylococcus enzyme [56] . Inherited human mevalonate kinase (MVK) mutations are correlated with two diseases, accounting for mevalonic aciduria (MIM6103770) and Hyper-IgD syndrome (MIM260920).
Functional observations
Cloning of the cDNA encoding the rat [58] and human proteins [59] was a prelude to large scale production of recombinant forms of these enzymes [60] , [61] . Subsequent mutagenesis work established Ala-334 as the basis for an inherited enzyme deficiency [62] . Other mutagenesis experiments on rat and human MVK were conducted in our lab prior to the availability of any high resolution 3-D structures for the protein. The results implicated conserved Lys-13, Ser-146, Glu-193, and Asp-204 as functionally important active site residues [60, 61, 63] . Ser-146 is the second of two tandem serines that map within a glycine rich ATP consensus sequence. Subsequent work indicated the importance of His-20 in rat MVK [64] and Arg-196 in Methanococcus jannaschii MVK [65] .
Structural observations
The X-ray structure of unliganded M. jannaschii MVK [66] indicated the anticipated fold for an enzyme in the family of galactokinase/homoserine kinase/mevalonate kinase/ phosphomevalonate (GHMP) kinase proteins. A monomer was observed in the crystal instead of the dimeric form typically reported for MVKs in solution. Based on the active site residues that had been previously identified and the features of the substrate binding sites observed for other GHMP kinase proteins, a model was constructed (a syn conformation of bound ATP was presumed) and offered to explain MVK reaction chemistry. The structure of dimeric rat MVK liganded to Mg-ATP was also elucidated [67] . ATP is bound to rat MVK in an anti conformation. Glu-193 and Ser-146 were confirmed to coordinate to bound cation ligand. Lys-13 interacts with the γ-phosphoryl group of ATP and makes a salt bridge with Asp-204. Thus, Asp-204 is reasonably positioned to support the predicted catalysis of phosphoryl transfer and modeling of mevalonate into the vacant pocket for this substrate produces a ternary complex orientation that is compatible with such a function for Asp-204. The following view (figure 4) of Mg-ATP bound to rat MVK illustrates the orientation of active site residues.
Structural information has also become available for enzyme with bound metabolites that negatively regulate MVK activity. The structure of a Streptococcus pneumoniae MVK binary complex with mevalonate 5-diphosphate has been elucidated [68] . The bound metabolite was originally characterized as an allosteric inhibitor of this bacterial enzyme [57] . It is situated in the catalytic cleft of the crystallized protein in such a way that it interacts with aspartate, serine, and lysine residues that are homologous to those demonstrated to interact with bound MgATP in rat MVK [67] . Additionally, mevalonate diphosphate interacts with a threonine previously shown to influence the Km for mevalonate [63] . Thus, the structural results [68] are interpreted to suggest that mevalonate diphosphate interacts with MVK as a partial bisubstrate analog, with its pyrophosphoryl moiety mimicking a linkage between mevalonate and the ATP phosphoryl donor.
Structural characterization of a feedback inhibitor bound to animal MVK relied on the observation [56] that farnesyl thiodiphosphate (FSPP), a thio analog of farnesyl diphosphate (FPP), is as effective a competitive inhibitor with respect to ATP as the naturally occurring metabolite. The original observation that crystallization of human MVK in the presence of FPP led only to the structure of an enzyme-pyrophosphate complex prompted the use of rat MVK with FSPP, which is expected to be more resistant to hydrolysis.
Crystallization of enzyme-FSPP solutions in the presence of Mg 2+ produced a structure [69] (figure 5) of rat MVK bound to farnesyl thiophosphate (FSP), indicating either some disorder of the β phosphoryl group or some hydrolysis of inhibitor during crystal growth. Nonetheless, enzyme occupancy was adequate for detection of electron density for the entire FSP molecule. The inhibitor binds in the ATP site with its thiophosphoryl situated in the position observed for the β phosphoryl group of ATP. Asp-204 and Ser-146 function as cation ligands and K13 is expected to interact with the beta phosphoryl of FSPP (or FPP). The FSP polyisoprenoid chain overlaps the site at which the adenosine moiety of ATP binds. FSP's last 10 carbons (C6-C15; two isoprenyl units) interact with nonpolar residues (e.g. Leu-53, Val-56, I-196). Previously, a 1000-fold inflation in inhibitor constants for FPP and FSPP had been observed upon comparison of human and Staphylococcus MVKs [56] . Comparison of the binding surface measured for FSP/FSPP binding to animal MVK and modeled for Streptococcus MVK reveals the basis for this differential affinity. Animal MVK contains a pocket that embeds inhibitor atoms C6-C15 ( figure 6 ). In contrast, the C15 chain of the feedback inhibitor is largely solvent exposed in the model for the bacterial MVK.
PHOSPHOMEVALONATE KINASE
Phosphomevalonate kinase (PMK; EC 2.7.4.2) catalyzes the reversible reaction of mevalonate 5-phosphate and ATP to form mevalonate-5-diphosphate and ADP:
Activity of this enzyme was demonstrated in pig liver [70] and the pig liver enzyme has subsequently been isolated and more extensively characterized [71] . Phosphomevalonate kinase is found in eukyaryotes and some eubacteria. The amino acid sequences for animal and low homology invertebrate PMK proteins are not orthologous to those for PMK in plants, fungi, and bacteria [72] . Thus, the proteins that catalyze the enzymatic reaction differ widely, depending on their source. Animal and invertebrate PMK proteins exhibit the fold typical of the nucleoside monophosphate (NMP) kinase family while the other PMK proteins are members of the GHMP kinase family. The tissue-isolated pig enzyme is reported to catalyze an ordered sequential bi-bi reaction with mevalonate 5-phosphate assigned as the first substrate bound and ADP as the last product released [73] . A recombinant form of Streptococcus pneumoniae has been characterized [74] and reported to catalyze a random sequential bi-bi reaction. A recombinant form of Enterococcus faecalis PMK has also been isolated and characterized [75] . The sequence of human PMK has been deduced [76] . The protein encoding DNA was used to produce a GST-PMK fusion construct and this recombinant fusion protein was used to test the site of feedback inhibition in the mevalonate pathway [77] . The recombinant human protein has also been expressed and isolated in an N-terminal His-tagged form. This enzyme has been used for mutagenesis studies on active site functional residues [78] as well as for solution structure experiments.
Functional observations
The N-terminus of the protein harbors a variation on the P-loop motif associated with ATP binding. Work in our lab with the recombinant human protein indicated that Lys-22, as well as Arg-18, have a substantial influence on catalysis in accordance with their location in a Ploop [78] . Evaluation of the importance of other conserved basic residues [79] implicated Arg-110 as making a large contribution to catalysis, Arg-111 and Arg-84 as influencing mevalonate 5-phosphate binding, and Arg-141 as affecting ATP binding. Using the recombinant Streptococcus pneumoniae enzyme, mutations in a series of proposed solvent accessible residues have been characterized [80] and interpreted in the context of a structural model of protein with MgATP and phosphomevalonate ligands. Mutation of Asp-105 mainly results in a k cat effect, while mutations at Lys-9 and Ser-291 have considerable affects on the K m for phosphomevalonate. An enormous effect (17,500 fold) reflected as inflation of the K m for phosphomevalonate is reported upon mutation of ala-293, which is harbored in a glycine rich substrate recognition loop.
Structural observations
Uniformly 15 N-labeled recombinant human PMK protein has also been used for NMR measurements on substrate induced structural changes [81] . NMR estimates of equilibrium binding constants were in reasonable accord with affinity estimates from kinetic characterization studies. Dynamics results were interpreted in the context of regions that may influence domain closure, which is well precedented in NMP kinase fold proteins. In contrast with the observation of comparable ATP or ADP dependent conformational changes, the conservatively substituted analog AMPPNP 1 induces few chemical shift perturbations, complicating evaluation of the effect of active site occupancy by the gamma phosphoryl moiety of an adenine nucleotide. Based on observed chemical shift perturbations, binding of either mevalonate 5-phosphate or ATP induces conformational changes in human PMK. These biophysical observations contrast with expectations for an ordered sequential mechanism, based of steady state kinetic studies on pig PMK [73] . The possibility of random substrate/product binding to human PMK does, however, agree with the observation of product inhibition of human PMK by mevalonate 5-diphosphate that is competitive with respect to substrate mevalonate 5-phosphate [79] . The preparation of a series of 15 N labeled human PMK proteins containing single arginine substitutions (e.g. R48M, R111M, R130M, R141M) has facilitated NMR assignments of arginine side chains. Dynamics studies on wild type PMK and these PMK arginine mutants [82] indicate that substrate binding to PMK correlates with a transition from a flexible to a more rigid protein.
The observation extends to the arginine side chains, including several that are somewhat remote from the active site. The pervasive rigidification suggested by the results of these dynamics studies seems reasonable in the context of the substantial structural changes documented for NMP kinase proteins as the substrate binding regions move into the proximity of the P-loop domain upon occupancy of phosphoryl donor and/or acceptor binding sites.
Three dimensional structure information has become available from X-ray diffraction experiments on bacterial and human PMK. The structure of unliganded Streptococcus pneumoniae PMK, which exhibits a GHMP kinase fold, was initially reported [83] and subsequently the structure of a ternary MPK-mevalonate phosphate-Mg AMPPNP complex was published [84] . Comparison of apo and ternary complex structures indicates octahedral coordination of Mg that involves Asp-197, Ser-213, mevalonate 5-phosphate, and three solvent waters. An active site water pentamer is noted as interacting extensively with reactive groups of the bound substrate and ATP analog. Lys-9 is observed to interact with the gamma phosphoryl group of bound AMPPNP, an observation similar to that reported for a lysine in a complex of ATP with another GHMP kinase protein, rat mevalonate kinase. Ser-147 is noted to hydrogen bond to the carboxyl group of bound phosphomevalonate.
The structure of an unliganded form of human PMK has recently become available [85] . The results confirm the assignment of the protein as an NMP kinase family member. Consequently, the unliganded structure is expected to reflect an "open" form of the enzyme, i.e. the substrate binding regions or "lids" are not as close in proximity to the P-loop containing core as would be expected in samples containing ligands in the phosphoryl donor and/or acceptor sites. There is, however, a sulfate ion bound in close proximity to the P-loop (figure 7); this is interpreted as a phosphoryl group analog and a marker for the active site. The N-terminal P-loop assignment that was the subject of earlier functional studies [78] was confirmed in the human PMK structure.
The bound sulfate ion interacts with the amide nitrogen of P-loop Gly-21 and also the side chain of Arg-141, which has been shown [78] to influence binding of substrate ATP. The conserved residues which exhibit, upon mutagenesis, the largest functional effects on PMK catalytic activity or substrate K m can be mapped in the open cavity that exists between the P-loop containing core and the "lids" expected to harbor binding sites for the phosphoryl donor and acceptor substrates (Fig. 7) . More refined functional assignments would be facilitated by the availability of structural information on liganded forms of human PMK.
MEVALONATE DIPHOSPHATE DECARBOXYLASE
Mevalonate diphosphate decarboxylase (EC 4.1.1.33; various abbreviations appear in the literature: MDD, MVD, MPD, DPM-DC) catalyzes the ATP dependent decarboxylation of mevalonate 5-diphosphate (MVAPP) to form isopentenyl 5-diphosphate [86] , as indicated in the equation below:
This reaction is essential to the mevalonate pathway of polyisoprenoid and sterol synthesis [87] . Activity has been measured in animals [88] , plants [89] , and yeast [86] . Genetic complementation has implied activity in the Staphylococcus aureus and Trypanosoma brucei [90] proteins. Highly purified active enzyme has been prepared from avian [88] , porcine [91] , and rat [92] tissue and in recombinant form from bacteria expressing the yeast [93] , human [94] , [77] , [95] ], Trypanosoma brucei, and Staphylococcus aureus [90] proteins. Characterization of the tissue isolated protein implied the presence of an arginine that influences activity of the avian enzyme [96] and documented the selectivity for divalent cation [97] . The avian enzyme was also used to demonstrate that the transient phosphoryl transfer to the C3 oxygen proceeds with inversion of stereochemistry [98] and, thus, no covalent E-P intermediate forms.
Enzyme inhibitors
Early observations that metabolite analogs could block polyisoprenoid/sterol biosynthesis suggested that the MDD reaction is involved and prompted synthesis and evaluation of a variety of MDD inhibitors. The use of 6-fluoromevalonic acid in tissue extracts [99] implicated MDD as the target for a downstream metabolite (6-fluoro-MVAPP) that blocked sterol production. In a survey of several fluorinated mevalonic acid derivatives, Reardon and Abeles [100] showed with purified MDD that 6-fluoro-MVAPP was the potent inhibitor that accounted for the block in sterol biosynthesis. These studies were extended [101] to indicate that a 3-phospho-6-fluoro-MVAPP analog of the normal reaction intermediate could be trapped as an MDD-bound species. In addition, a nitrogen substituted transition state analog (N-methyl-N-carboxymethyl-2-pyrophosphoethanolamine) was synthesized and characterized [101] ; results suggested that a positively charged nitrogen atom mimicked a reaction intermediate with carbocation character. This carbocation proposal was supported by synthesis of N-diphosphoglycolyl proline and the compound's potent inhibition of MDD was attributed to its positively charged nitrogen atom [102] . On the basis of these various studies, a relatively detailed mechanism for the MDD reaction could be proposed well in advance of the availability of recombinant enzymes that could be used to investigate how MDD active site amino acids might support the predicted chemistry.
Voynova et al. [95] used recombinant human MDD to confirm the high affinity inhibition (competitive with respect to MVAPP) of enzyme by both 6-fluoro-MVAPP and diphosphoglycolylproline. Qiu and Li [103] proposed that 2-fluoromevalonate diphosphate could irreversibly inactivate MDD in a time dependent fashion but a subsequent report [104] indicated that 2-fluoro-and 2-difluoro-MVAPP are reversible competitive inhibitors with respect to MVAPP. Recently, a series of mevalonate analogs were prepared and tested as substrates for Streptococcus pneumoniae MVK, PMK, and MDD [105] . Results suggested that this bacterial MDD is very tolerant of replacement of the 6-methyl group with small substituents. Resistance of MDD to compounds designed to covalently modify and inactivate the enzyme has prompted the hypothesis that decarboxylation and phosphate elimination of a 3-phospho-MVAPP intermediate are concerted rather than dissociative processes. The hypothesis [105] included the prediction that little carbocation character develops in the reaction intermediate.
Functional observations
Mutagenesis of yeast MDD and characterization of the mutant proteins by kinetic and biophysical methods [93, 106] initially focused on the Lys-18/Asp-305 pair of conserved residues that are homologous to a similar pair implicated in rat MK function. Replacement of the Asp-305 side chain carboxyl (D305N; D305A) was observed to result in large (10 3 -10 5 fold) decreases in catalytic activity. Extension of this approach to alanine substitution of a series of conserved serine residues suggested that Ser-121 had a large influence on catalysis (>10 4 fold effect decrease upon mutation to alanine). The selective influence of this second of two tandem conserved serines in an ATP-consensus motif had previously been observed for rat MK [63] . The results also implicated Ser-153 in a possible interaction with ATP and Ser-155 in MVAPP binding. The Ser-155 mutant exhibited inflated Km and Ki values for both MVAPP and diphosphoglycolylproline. In work on human MDD, Voynova et al. [95] demonstrated that conservative mutation of Arg-161 (R161Q) decreased catalytic activity by 1000-fold. Such an observation is in agreement with the earlier implication of an active site arginine by protein modification methods [96] . Mutation of Asn-17 (N17A) results in inflated Km and Ki estimates for MVAPP, diphosphoglycolyl proline, and 6-fluoro-MVAPP, suggesting that this residue participates in interactions that affect binding of the phosphoryl acceptor substrate. Mutation of recombinant rat MDD [104] resulted in observation of no detectable activity upon mutation of Lys-23 (K23A) or Arg-162 (R162A).
Structural observations
A molecular docking and simulation-base approach [107] has recently been reported; the study used structural information from the initial X-ray structure for MDD (yeast enzyme; [108] ). While no structure of liganded MDD has yet been elucidated, this computational study modeled a ternary complex of enzyme with ATP and phosphoryl acceptor. The conclusions suggest that a series of conserved residues implicated by functional studies are situated in the active site. In particular, a water molecule is predicted to mediate interaction of a catalytic aspartate with the C3 hydroxyl of MVAPP. The critical serine in the glycine rich consensus ATP motif is predicted to interact with MVAPP.
Structures of Trypanosoma brucei and Staphylococcus aureus MDD proteins have been empirically determined [90] by Hunter's lab. The proteins are unliganded except for a sulfate anion. In the high resolution structure of the T. brucei protein, a Lys-18/Asp-293 salt bridge is detected; this is analogous to the observation for rat mevalonate kinase. ATP and MVAPP were positioned into the protein structure to produce a ternary complex model, which predicts an Arg-77 interaction with the beta phosphate of MVAPP. Also, interaction of Tyr-19 and Arg-149 with the C1 carboxyl of MVAPP is proposed.
The structure of human MDD has been elucidated [95] . Protein in the crystal is also unliganded except for a sulfate/phosphate anion (from the crystallization buffer); the anion is bound to Lys-26 and Arg-78. The Z-dock algorithm (http://zdock.bu.edu) was used to model a binary complex of human MDD with mevalonate diphosphate. The beta phosphate of modeled substrate is within 1 Å of the Lys-26, Arg-78 bound anion (a putative phosphoryl mimic); this observation suggests that the binary complex model is reasonable. Overlay of the binary ATP-MK structure allows the positioning of ATP into a MDD-ATP-MVAPP ternary model without any steric conflicts, supporting the positioning of the docked ligands. This model (Figure 8 ) predicts juxtapositioning of the Arg-161 guanidinium group within 3.5 Å of the C1 carboxyl of MVAPP; Asn-17 has been observed to form a hydrogen bond with Arg-161. These interactions are in agreement with functional/mutagenesis results for these residues. The carboxyl side chain of Asp-305 is situated within 4 Å of the substrate's C3 hydroxyl; this prediction is in accord with a catalytic function for Asp-305. Ser-127's positioning near ATP's phosphoryl groups is also appropriate for the predicted active site role of this residue; the homologous serine in rat mevalonate kinase interacts with ATP and divalent cation.
Other unliganded MDD structures (Streptococcus pneumoniae (2GS8) and Legionalla pneumophila (3LTO) proteins) have been generated and deposited in a public database but not published in refereed literature. Information from liganded MDD structures would clearly expedite more detailed functional assignments.
The scheme above (Scheme 5) integrates available information and hypotheses concerning the reaction chemistry and the participation of conserved MDD residues. Asp-305 is shown juxtaposed to MVAPP's C3 hydroxyl; this is consistent with its observed large contribution to catalytic efficiency as well as positional homology with the proposed general base catalyst in mevalonate kinase. Similar observations on the functional contribution to MDD catalysis and homology with a serine implicated in the mevalonate kinase reaction suggest that Ser-127 interacts with ATP to orient the phosphoryl chain for productive transfer of ATP's gamma phosphoryl group to MVAPP. Arg-161 has been established to hydrogen bond to Asn-17. The large contribution of Arg-161 to catalysis is compatible with its depicted interaction with the MVAPP carboxyl group. Recent structural studies on PEP carboxykinase [109] 
VARIATIONS ON THE MEVALONATE PATHWAY
Isoprenoids represent a major component of archael lipids. Not only do they contribute to the usual isoprenoid derived metabolites like dolichol, but ether linked long chain (e.g. C 20 ) polyisoprenoids are abundant in membranes of archaeal cells. As genome sequences for these organisms became available, it seemed likely that, like most eukaryotes, they utilized the mevalonate pathway for isoprenoid biosynthesis. However, in most archaeal genomes, it was unclear whether genes encoding phosphomevalonate kinase (PMK) and mevalonate diphosphate decarboxylase (MDD) proteins could be assigned [72] . This may have been anticipated given the observation of nonorthologous PMK proteins upon comparison of the enzyme from higher eukaryotes with PMKs from fungi, plants, or bacteria. For MDD, where homology between the animal and bacterial enzymes is more obvious, failure to detect the protein in most archaea is more surprising.
The observation of a protein encoded by Methanocaldococcus jannaschii that catalyzed an ATP dependent phosphorylation of isopentenyl 5-phosphate to produce isopentenyl 5-diphosphate (IPP) [110] seemed to provide an explanation for the lack of detection of a PMK in this organism. The heterologously expressed protein was purified and partially characterized. The ATP dependent phosphorylation could be detected using isopentenyl 5-phosphate as acceptor substrate but not with mevalonate or mevalonate 5-phosphate acceptors. On this basis, the protein was assigned as an isopentenyl phosphate kinase (IPK). While the absence of a more traditional pathway in M. jannaschii for synthesis of isopentenyl 5-diphosphate was not excluded, these observations did prompt the hypothesis of an alternative route to IPP biosynthesis:
The alternative route requires decarboxylation of mevalonate 5-phosphate to produce the substrate for IPK, which would catalyze formation of IPP.
Recently, there have been several reports that confirm the function of an isopentenyl 5-phosphate kinase. Recombinant forms of IPK from Methanothermobacter thermautotrophicus and from Thermoplasma acidophilum have been produced and characterized [111] . These IPK enzymes catalyze reversible interconversions of substrates and products and exhibit maximum activity at 70° C. A sequential mechanism was indicated on the basis of kinetic results. Sequence alignments and pH/rate profiles have been interpreted to suggest that a conserved histidine may be functional within the active site. These proteins were demonstrated to utilize various C 4 and C 5 monophosphates as substrates, with good activity supported by dimethylallyl phosphate, n-butyl phosphate, and 3-butenyl phosphate. While isopentenyl 5-phosphate was the optimal substrate of several compounds that were tested, these enzymes' ability to utilize various phosphorylated compounds does raise a question about whether their major physiological role involves support of the proposed mevalonate metabolism. Future work may allow a more definitive answer to this question.
These demonstrations of isopentenyl kinase enzymes have been further supported by the elucidation of X-ray structures for substrate/product complexes of these enzymes from several organisms. Work from Poulter's lab [112] led to structures of the ADP-liganded Methanothermobacter thermautotrophicus IPK as well as the Thermoplasma acidophilum IPK liganded to either isopentenyl phosphate and ATP or IPP and ADP. The structures establish these IPKs as members of the large amino acid kinase (AAK) family of proteins. The liganded enzyme structures confirm the presence of histidine and lysine active site residues. The active site lysine exhibits multiple interactions with the phosphoryl groups of donor and acceptor substrates to support an in-line phosphoryl transfer. Structures of Methanocaldococcus jannaschii IPK have also been elucidated [113] . While no bound adenine nucleotide has been observed, the structures contain bound isopentenyl phosphate, isopentenyl diphosphate (IPP), or IPPβS. A bound sulfate anion is proposed to indicate the position of an adenine nucleotide phosphoryl. A conserved His-60 has been mutated to produce H60A and H60N proteins that are not observed to support reaction catalysis. The H60Q mutant exhibits a ~ 40-fold decrease in catalytic efficiency as well as modest inflation of K m values for ATP and isopentenyl phosphate substrates. Mutations of a hydrophobic substrate pocket have resulted in "chain length" mutants with ability to phosphorylate the C 15 substrate, farnesyl phosphate.
No detailed characterization of a protein with mevalonate phosphate decarboxylase activity (the initial enzyme required for the proposed variation in the mevalonate pathway; Scheme 6) has been reported. However, the collected observations on archaeal IPK proteins and the possibility of IPK homologs in organisms for which all of the traditional mevalonate pathway proteins are also predicted raise intriguing questions about the potential complexity of mevalonate metabolism. These issues suggest that future investigation of this area of biosynthesis will lead to interesting developments. Active site residue triad in Z. ramigera acetoacetyl-CoA thiolase, based on the structural coordinates 1DM3. The structure [14] indicates the acetyl-enzyme intermediate formed at Cys-89 as well as the acetyl-CoA that condenses with the reaction intermediate. His-348 interacts with the C1 carbonyl of bound acetyl-CoA to provide a charge sink that stabilizes the C2 carbanion formed after proton extraction by the general base Cis-378. The carbanion is in close proximity to C1 of the acetyl-enzyme intermediate and supports efficient condensation to form acetoacetyl-CoA and regenerate free enzyme. Active site residue triad in S. aureus HMG-CoA synthase (mvaS), based on the structural coordinates 1XPL. The structure [18] depicts the acetyl-enzyme reaction intermediate formed at Cys-111/129 (bacterial/animal protein numbering). The enzyme's second substrate, acetoacetyl-CoA is bound with His-233/264 interacting with C1 and C3 oxygens, providing a charge sink to facilitate attack by a carbanion on C3. This carbanion is produced upon abstraction of a proton from C2 of acetyl-enzyme by the general base Glu-79/95. Active site residues in the soluble catalytic domain of human HMG-CoA reductase, based on the structural coordinates 1DQA. The structure [49] includes liganded hydroxymethylglutarate and indicates the positions of three residues (Asp-767, Lys-691, and Glu-559) implicated in enzyme function. Both lysine and glutamate would be in close proximity to the thioester carbonyl of HMG-CoA that is subjected to a two reductive steps, resulting in formation of the C5 alcohol of mevalonate. There are different proposals [48, 49] regarding the precise roles of these residues in substrate carbonyl polarization and/or the proton transfers that accompany NADPH reduction. The MgATP binding site in rat mevalonate kinase [67] , based on the structural coordinates 1KVK. ATP is bound in an anti conformation. Bound magnesium is coordinated to and Ser-146 as well as the beta and gamma phosphoryls of ATP. The catalytic residue Asp-204 is positioned to support transfer of the ATP gamma phosphoryl to an acceptor substrate. Conserved Lys-13 interacts with both Asp-204 and the gamma phosphoryl of substrate ATP. Dashed lines indicate coordination to magnesium; dotted lines indicate hydrogen bonds. Feedback inhibitor binding to rat mevalonate kinase, based on the structural coordinates 2R42. Residue numbering is based on human mevalonate kinase. Inhibitor ligand electron density is fit using farnesyl thiodiphosphate (FSPP), although due to disorder or hydrolysis the beta phosphoryl is not well defined. The inhibitor binds in the ATP site [69] with its alpha phosphoryl group situated where the beta phosphoryl group of ATP would be located. Asp-204 and Ser-146 function as ligands to cation. Lys-13 would be expected to interact with the beta phosphoryl of inhibitor. The last 10 carbons of the farnesyl moiety interact with a number of nonpolar residues (e.g. Leu-53, Val-56, Val-133, Ile-196). A solvent accessible surface representation of the feedback inhibitor (farnesylSP/ farnesylSPP) binding site of mammalian mevalonate kinase, based on the structural coordinates 2R42. The animal MVK embeds farnesyl atoms C6-15 in a pocket to which the side chains of I196, T104, L53, N54, and I56 contribute [69] . This observation explains the high affinity (10 −8 M; [56] ) observed for feedback inhibition, which is competitive with respect to ATP. The image is adapted from Fu et al., Biochemistry 47 (2008) 3715-3724 [69] , with permission of the American Chemical Society. The active site cavity of human phosphomevalonate kinase and the location of conserved amino acid side chains implicated in enzyme function. The figure is based on the structural coordinates 3CH4, as reported by Chang et al. [85] . While the unliganded enzyme exhibits an open active site, the bound sulfate is interpreted as a phosphoryl group marker for the binding site of phosphorylated substrates. Sulfate is located in proximity to the N-terminal P-loop and interacts with the side chain of Arg-141, which has been shown [78] to influence ATP binding. Mutagenesis of Arg-18, Lys-22, Arg-84, Arg-110, and Arg-111 has resulted in observation of significant catalytic or substrate binding effects for these conserved residues. A model of the ternary complex of human mevalonate diphosphate decarboxylase with ATP and mevalonate 5-diphosphate. A binary complex model was generated using the Z-dock algorithm (http://zdock.bu.edu) and coordinates of mevalonate diphosphate (from 2OI2) and the human enzyme (3D4J). The position of ATP is based on an overlay of a structure of the mevalonate kinase-ATP complex (1KVK) on the human MDD structure [95] . The predicted position of S127 agrees with the previous suggestion of its interaction with the phosphoryl chain of ATP [106] Mevalonate (MVA) Pathway for Isopentenyl Diphosphate Biosynthesis.
